Abstract. The temperature-sensitive mutation in our Escherichia coli strain C1714 appears to be in a ribosomal protein. The mutation maps at the streptomycin locus. Protein synthesis in intact cells stops immediately when the temperature is shifted from 30 to 420C. Analysis of polyribosome distributions after shift-up suggests that initiation of protein synthesis is defective at the high temperature. In vitro protein synthesis in extracts from C1714 is temperature sensitive when directed by natural mRNA, but not when directed by poly U.
Streptomycin acts on a component of the 30S ribosomal subunit and causes inhibition of protein synthesis in bacteria. The drug is considered either to interrupt the initiation of protein synthesis1 or to inhibit peptide chain elongation.2 Recently Ozaki et al. isolated the protein controlled by the str locus and showed that this protein is important in ribosomal function during in vitro peptide synthesis directed by natural mRNA but that it appears to be dispensable for poly U-directed polyphenylalanine synthesis.3 4 To understand the mechanism by which streptomycin affects cellular functions, study of the physiological role of the str gene product is important. Among several temperature-sensitive ribosomal mutants isolated in this laboratory,5 one (C1714) is defective in protein synthesis at the nonpermissive temperature because of a mutation (ts) in the str locus. The present study was undertaken to describe the characteristics of protein synthesis in this mutant.
Materials and Methods. Bacteria, media, and genetic procedures: All strains used are derivatives of E. coli K12. The parent strain Hfr H 3000 thy-met-was obtained from Dr. John Cairns. Isolation of the mutant C1714, by screening survivors of streptomycin treatment at 420C, has been described elsewhere.5 L-broth6 was used as a complex medium. M9 minimal medium, supplemented with 1.23 X 10-3 M CaCl2, 10 ,ug/ml of thiamine HCl, 0.6% glucose, 20 ,ug/ml of thymine, and 15 mg/rnl of casamino acids, was used for liquid culture and was solidified with 1.5% agar for plating experiments. Transduction was carried out with bacteriophage Plkc as described by Lennox6 except that, after treatment with transducing phage, the bacteria were allowed to grow in liquid L-broth for 2 generations to permit expression of resistance to streptomycin or to elevated temperature before plating on selective media. were then taken at 10 min intervals. Incorporation of isotopes-was terminated by adding an equal volume of 10% trichloroacetic acid. The precipitate was deposited quantitatively on a membrane (Whatman glass filter GF/C) by filtration and washed with 5% trichloroacetic acid. Radioactivity was measured in a Packard liquid scintillation counter in the toluene-omnifluor system (New England Nuclear Corp.). Sucrose gradient centrifugation of polyribosomes: Preparation of spheroplasts and cellular lysates followed the method described by Flessel et al.7 Portions (0.6 ml) of the lysates were layered on linear sucrose gradients (15-30%) in buffer (0.1 M Tris HCl, pH 7.4, 0.01 M MgSO4, 0.05 M NH4C1), and spun in a Spinco model L2-50 centrifuge, with SW41 rotor, for 100 min at 39,000 rpm (experiment of Fig. 2 ) or, with SW25.3 rotor, for 180 min at 25,000 rpm (experiment of Fig. 3 ). Each fraction was collected from the bottom of the tube, and the absorbancy at 260 muA and the trichloroacetic acidinsoluble radioactivity were measured as described above.
In vitro amino acid incorporation: The supernatant and ribosome fractions were prepared according to the methods of Nirenberg and Matthaei8 except that S30 fractions for T4 RNA-directed amino acid incorporation were prepared according to Capecchi.9 The poly U-directed system contained 0.05 M Tris* HCI, pH 7.8, 20 mM NH4Cl, 10 mM Mg acetate unless stated otherwise, 1 mM ATP, 0.6 mM GTP, 1.8 mM 2-mercaptoethanol, 0.2 mM of each of the unlabeled amino acids minus phenylalanine, 4 mM phosphoenol pyruvate, 20 iAg/ml pyruvate kinase, 0.75 MCi/ml of 14C-phenylalanine (100 mCi/m mole), 200 ,g/ml t-RNA, 100 Aug/ml of poly U and the indicated amount of the cellular extracts or ribosomes in a total volume of 0.2 to 1.0 ml. Incubation was performed at 30 or 420C for 10 min, except for the kinetic experiments. The reaction was stopped by addition of 3.0 ml of 5% trichloroacetic acid to the 0.2 ml reaction mixture.
The precipitate was heated in a 90'C water bath for 15 min, brought to room temperature, and filtered on a glass filter GF/C. The filter was dried, and the radioactivity measured as described above. T4 RNA-directed amino acid incorporation was followed by the method described by Coolsma and Haselkorn,10 and Wilhelm and Haselkorn.1' Incubation was for 15 min at the indicated temperatures. Poly U and pyruvate kinase were purchased from Sigma, E. coli t-RNA from Calbiochem, radioactive uracil, uridine, leucine, phenylalanine, and lysine from New England Nuclear Co.
Results. Genetics of the mutant: Linkage of the ts mutation in C1714 (strs) to the str locus was studied by transduction with phage Plkc. Donor phage grown on strain X156 (strR) were used to transduce E. coli C1714. Among 1721 transductants capable of forming colonies at 420C, 1718 were simultaneously transduced to strR. Conversely, among 1857 transductants selected for resistance to streptomycin at 30°C, 1852 grew at 420C (Table 1 ). The high frequency of cotransduction (99.8%) indicates that the ts and str mutational sites are separated by only 5-20 amino acids;12 the temperature sensitive lesion in C1714 evidently is in the streptomycin protein. Protein and RNA synthesis in intact cells: Incorporation of amino acids and uridine was measured after shift-up from 300 to 42°C (Fig. 1) . The temperature shift caused an immediate cessation of protein synthesis, whereas the rate of incorporation of uridine into RNA showed less change during the first half hour. The effect of high temperature in the mutant was similar to the effect of streptomycin on protein and RNA synthesis in wild type cells. Just as streptomycin does not block RNA synthesis in the wild type, high temperature does not drastically change RNA synthesis in the mutant. Therefore, the effect of high temperature on RNA synthesis may occur as a secondary effect due to the rapid inhibition of protein synthesis. (Fig. 2) . When streptomycin was added to the cultures of 01714, lethal action occurred immediately at both temperatures (Fig. 2) . However, the initial rate of streptomycin killing was appreciably less at 4200 than at 3000.
Distribution of ribosomes and messenger RNA in intact cells following a shift to 420C: A temperature shift from 30 to 4200 caused a rapid change in the distribution of ribosomes. Five minutes after the temperature shift-up most of the large polysome peaks disappeared (Fig. 3A, B 
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observed in samples taken 2 or 20 minutes after the temperature shift (data not shown). Pulse-labeled 3H-mRNA also disappeared from the large-polysome regions of the gradient, whereas that in the monosome region remained. Another group of cells was pulse-labeled at 300C and then incubated at 420C for 5 minutes (Fig. 3C) . The distribution of ribosomes was essentially similar to that of cells pulse-labeled at 420C (Fig. 3B) . The accumulation of both ribosomes and mRNA in the mono-and disome region following shift-up suggests that the temperature-sensitive function is concerned with polypeptide chain initiation.
Distribution of nascent protein following shift-up: The distribution of nascent peptide changed similarly after a temperature shift. Most of the radio- activity was located in the region of the larger polysomes at 300C (Fig. 4A) .
However, this radioactivity of peptides in the large-polysome region was drastically reduced by a two-minute incubation at 420C (Fig. 4B) , whereas the radioactivity in the 70S monosome region was not greatly changed. Similar results were observed in samples that were prelabeled at 300C and incubated for five minutes at 420C (data not shown). These results are consistent with defective initiation of protein synthesis at the nonpermissive temperature.
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,~~~~: Peptide synthesis in vitro: In extracts, streptomycin only partly inhibits polypeptide synthesis directed by synthetic homopolymers.1"-15 In extracts from strain C1714, there was no appreciable inhibition of phenylalanine incorporation directed by poly U at 420C, when compared with the wild-type strain (Table 2 ). In the T4 RNA directed system (Table 3) on the other hand, the incorporation of 14C-lysine by the mutant extracts was decreased at an elevated temperature, whereas the incorporation by the wild-type extract was appreciably stimulated at 420C. Discussion. The present study demonstrates primarily that the gene product of the str locus is an indispensable component for the function of ribosomes in vivo, and that inactivation of the gene product induces a rapid cessation of protein synthesis (Fig. 1) . The fact that the mutant does not die at 420C but resumes growth when plated at 300C suggests that the functional alteration of the str gene product is reversible.
Rapid breakdown of large polysomes and stability of monosomes, di-and trimers indicate that the rate of initiation of protein synthesis is greatly reduced at the nonpermissive temperature. If the rate of chain elongation were reduced without a change in the rate of initiation, we would have expected polysomes to accumulate. Alternatively, the present result could be interpreted by assuming that the mutant contains a heat activated ribonuclease. However, such an assumption does not explain the fact that (1) resumption of protein synthesis is attained by a reduction of the temperature and, (2) loss of polysomes does not proceed further after two minutes at high temperature.
Recently, Ozaki et al. reported that reconstituted 30S particles deficient in P10, the streptomycin protein, are defective in AUG-directed binding of fMettRNAF but competent in poly U-directed polyphenylalanine synthesis.3' 4 Their result suggests that protein P10 is required for initiation with fMet-tRNA. Our results support this conclusion. In addition to the alteration in polysome profiles following a temperature shift in vivo, we found that extracts of C1714 were temperature-sensitive with respect to T4 RNA-directed protein synthesis in vitro, but temperature-resistant with respect to poly U directed polyphenylalanine synthesis.
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